Introduction 21
EEC Directive 91/271, concerning urban and industrial wastewater, rules that the 22 wastewater produced from farming and industrial production must now be subjected to 23 treatment. A low cost solution are phytoremediation systems that are becoming widely used 24
for the treatment of wastewater. The vegetal species used in most of these systems are part 25 of the common reed family. The common reed is currently the most frequently used plant 26 inside phytoremediation systems. They are also one of the most widespread vascular plants 27 on Earth and are one of the dominant plants in Europe. Phragmites australis is a macrophyte 28 often used to phytoremediate wastewater coming from urban sewage, but more frequently, 29 from farming and its aboveground parts are generally cut twice a year. 30
To date, research has focused mainly on the strategies used in the big scale management 31 of these plants (Hanssons et al, 2004 , Kuhlman et al., 2013 and Risén et al., 2013 . Showed 32 that the aboveground parts of the common reed can be used to produce bio-methane. 33
However, very little research has been carried out with regard to anaerobic co-digestion 34 (A.D.). A productive final destination for the aboveground parts of common reed have been 35 studied by Risén et al. (2013) . This allows mixing different kinds of biomasses that need to 36 be treated before disposal. The co-digestion of different kinds of biomass brings the 37 Carbon:Nitrogen ratio into the optimal range, indicated in 20/1 -30/1 by Parkin and Owen 38 (1986), 10/1 -30/1 by Schattauer and Weiland (2004) , but also enhances the biomethane 39
yield. 40
This paper reports on a study of enhancement of common reed co-digestion. C:N ratio high 41 value influences CH4 production as the carbon cannot optimally be converted to CH4. controlled by an inverter. The digester and the gasometer were equipped with a complete 89 probe monitoring system including: a temperature probe inserted on one side of the reactor; 90 a temperature and a pressure probes on the gas holder; a pH probe inserted inside the digester. 91
The temperature was automatically controlled to remain inside mesophilic range and it was 92 regulated by an electrical resistance (15 m). It was wrapped around the reactor and covered 93 with insulating film to maintain the temperature near 35°C. The system was equipped with a 94 small tank to collect condense, designed to be emptied automatically. The indirect measure 95 of biogas yield was obtained with the movement of a slide-wired potentiometer, which was 96 linked from one side with the gasometer upper parts and fixed with the chassis from the other. 97
The operational pressure was about 9-10 mBar. The outlet pipe was equipped with a solenoid 98 valve activated by a relay to allow the automatic discharge of the produced biogas. This 99 system was described in details and used in a previous experience (Comino et al., 2012) . 100 The feed biomass used for the realization of the two campaigns was composed of cow 116 manure, cheese whey and the aboveground parts of Phragmites australis. The cow manure 117 and the fresh cheese whey were both collected at the livestock farm "Fontanacervo" located 118 in Villastellone (Turin -Italy). The collected biomass that was not immediately used to fill 119 the reactors for the startup phase, was stored inside a refrigerator at about 4°C. The 120 aboveground parts of Phragmites australis (almost 7 kg of fresh biomass) was collected from 121 the phytoremediation plant described above and stored inside a 50 L barrel. The Phragmites8 biomass was first spread on a large surface and dried on a thin layer for 24 h at about 60°C. 123
Then it was chopped into a smaller size of about 2 mm (Mshandete et al. 2006 ). The volatile 124 solids were equal to 9.1 % in the cow manure, 4.5% in the cheese whey and 81% in the dried 125
Phragmites; BOD5 values were obtained for cow manure and cheese whey and were equal to 126 39,000 mg/l, 59,000 mg/l, the COD were equal to 120,000 mg/l, 74,400 mg/l respectively. 127
The influent and effluent details are presented in Table 1 and Table 2 . 128 129
Startup tests 130
The reactor was initially filled with only cattle slurry to obtain a stable anaerobic digestion 131 under batch feeding conditions. About 80 kg were used for the scaled-up device. During the 132 startup phase it is important to fill in with only cattle slurry the reactor to avoid the risk of a 133 process collapse due to the whey trend to acidify very rapidly (Comino et al. 2012 After the startup phase co-digestion of test mixture was started. The feeding ratio was 139 implemented as follow: the total processed quantity was equal to 55 kg of mixture (50%cattle slurry, 40% cheese whey and 10% Phragmites australis). The slight differences 141 between the startup quantity (80 Kg) and the co-digestion one (55 Kg) was due to facilitate 142 the loading/unloading operations. So the first step was to reduce the total volume inside the 143 anaerobic reactor from 80 to 55 Kg. Then the co-digestion feeding strategy was adopted and 144 about 5 kg of substrate was removed and a 5 kg mixture (2.5 kg of manure, 2 kg of cheese 145 whey and 0.5 kg of Phragmites australis) was loaded inside the reactor. Each test lasted 34 146 days of fed-batch feeding, plus a week of anaerobic rest with no feeding (batch condition). 147
Feeding of the reactor was done 3 times a week until the complete replacement of the initial 148 biomass. Such as was observed in past experience no purging with nitrogen was necessary. 149
It was observed that less than 1% oxygen in the reactor volume did not adversely affect the 150 test. The probes inside the system were calibrated before the beginning of the test. The gas 151 production was checked at least twice a day via remote control. During the first 42 days, limited biogas production can be observed (Fig. 3) . The pH value, 205 which is not shown, increased in the first 2 days from about 6.9 to 7.8. This behavior 206 anticipated an increase in biogas production which then reached a maximum between days 4 207 and 6 and then stabilized (Fig. 4a) . A total of about 979 l of biogas was produced (Fig. 3) . 208
Considering that CH4 inside the biogas was 55.4% the total amount of produced methane was 209 543 l. Following the methodology to obtain the specific bio-methane productions on VS basis 210 with a total of 3.088 kg of VS inserted in the reactor was obtained a 174. the periodic unloading/loading operations were not clearly visible. The biogas production is 227 presented in Figure 3 and the daily biogas production in Figure 4b . The final rest period of 228 about a week showed a very smooth and progressive reduction of biogas production rate. No 229 accumulation of undegraded material was observed inside the digester. The methaneproportion inside the produced biogas with the scaled-up reactor (50% cattle slurry, 40% 231 whey and 10% Phragmites) had an average value of 54.1%, a maximum value of 58.9% and 232 a minimum of 46.5% (Fig. 3) . It started to stabilize at the end of the test, while during the 233 most part of the experiment followed a performance related to the feed operation. The 234 obtained methane yield was equal to 241 l-CH4/kg-VS with an OLR of 3.28 g-VS/l-d. In 235 terms of COD were found the following values equal to 110 g/l, OLR= 137.5 g, COD/lR and 236 HRT=44 days. As visible in Fig. 3 the reactor continued to produce biogas smoothly, the 237 total produced volume was equal to 3534.8 l with a COD reduction of 53% (Tab. 5). 238 239
Digestate Methane Yield (DMY) tests 240
To confirm the data obtained during the campaign was taken in consideration the 241 realization of a theoretical methane yield, but it will bring a series of uncertainties that will 242 be very difficult to discuss. The model originally developed by Buswell and Boruff (1932) , 243 that is able to estimates theoretical methane concentration starting from the chemical 244 composition of organic substrate (C, H, N and S), do not integrate the influence of lignin and 245 assume a total transformation of the element in CH4 (that is not true under real conditions). 246
Also, carbon content of a feed material can be used in combination with Buswell's equation 247 to estimate methane production, but it is necessary to assume what proportion of the feedmaterial is degraded in the process and in this case, with a mix of three different materials, it 249 will be very difficult to evaluate a real value. Another issue was the fact that a good model 250 needs a detailed database as input factors, and this was not the case as the used materials and 251 mix ratios were used for the first time. For all these reasons it was preferred to realize a 252 Digestate Methane Yield (DMY) test after the experiment, in this way was possible to 253 estimate the residual biogas/methane potential. A tests with a batch-fed regime was 254 performed, as described in paragraph 2.5, after the co-digestion one. 255
The test was carried out after the co-digestion with 50:40:10 mixture, an estimated OLR of 256 about 1.1 g-VS/l-d, that produced a total quantity of biogas equal to 782.7 l. Considering a 257 CH4 proportion of 53.6%, this amount corresponded to 419,8 l of methane (Fig. 3) . The 258 digestate methane yield was 218.9 l-CH4/kg-VS with a VS estimated value of 1.9 kg, 259 obtained from the chemical analysis taken at the end of the co-digestion test. This value 260
indicates that the digestate potential is very high, but, as visible in Figure 4c , the daily 261 production is steady. In a real scale process digestate can yield an important amount of biogas 262 that could be used to produce electricity (i.e. were carried out on co-digestion of cattle slurry and cheese whey. In the past, for these kind 282 of substrates, anaerobic digestion was principally used as a wastewater treatment method, 283
and not considered as a system to produce energy. Lehtomaki et al. (for pH correction) with a 50:40:10 substrate. As the aboveground part of the Phragmites 291 was dry (Table 1 ) a liquid fraction was required to maintain sufficiently wet the substrate. 292
Normally to compensate this situation the substrate was diluted with water. However, this 293 experiment demonstrated that whey can be used as an ideal substitute for water, as even if 294 contribute to increase the overall COD, the COD reduction in both test campaign were greater 295 than 50%. Whey also contribute to add needed nutrients and vitamins to the microbiota. 296
Other studies with different types of biomass mixture, Stewart (1980) The BMY1 indicated relatively high efficiency of the lab-scale digester (78%) ( Table 3) . 305
Observing the daily biogas production (Fig.4b) can be noticed a couple of slight inhibition 306 of the methanogenic activity, occurred between days 10 to 14 and 21 to 24, mainly due to a 307 probably increased lignin content. Johnsson (1986) reported that is important that the reed is 308 not harvested too late in the growing season, since the lignin content will be higher. 309
With the presented result, considering the test conducted with the scaled-up reactor it 310 would be possible to obtain electricity production of about 2. 
